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Probing hidden magnetism and quantum
criticality in unconventional superconductors

T. Park, J.D. Thompson?

n exotic form of superconductivity
appeatrs in classes of complex materials,
such as the high-T, cuprates and
heavy-fermion compounds based on
cerium, uranium and plutonium. Unlike
conventional superconductivity in which electrons
form pairs by an attraction provided by lattice
vibrations, unconventional superconductivity in these
complex materials develops near some form of
magnetic order. The proximity of magnetism and
unconventional superconductivity has led to specula-
tion that fluctuations associated with magnetism may
provide the glue that binds electrons into supercon-
ducting pairs, and, moreover, if a magnetic transition
could be tuned toward absolute zero temperature,
fluctuations associated with this magnetic quantum-
critical point could be particularly effective in creating
superconductivity!. Several examples show that a
maximum superconducting transition temperature T,
occurs near a value of some tuning parameter, such
as chemical composition or pressure, where a
quantum-critical point would be expected, but
invariably, unconventional superconductivity
intervenes to hide magnetism and prevent proof that
a quantum-critical point exists. Using high pressures
and high magnetic fields, we explicitly identify a quan-
tum-critical point in the heavy-fermion compound
CeRhlins (Figure 1). This discovery suggests a com-
mon relationship among hidden magnetism, quantum
criticality, and unconventional superconductivity in
classes of strongly correlated electron materials.

The temperature-pressure (7-P) phase diagram of
CeRhlns is shown in Figure 2 (ref. 2) and is typical of
other classes of unconventional superconductors: in
high-T,. cuprates, the control parameter (x-axis) is
chemical substitution. Above the superconducting dome,
normal state properties are not at all typical of metals
but are consistent with properties dominated by long-
ranged, long-lived fluctuations that are expected if the
magnetic phase boundary extended smoothly to absolute
zero temperature, i.e., to a magnetic quantum critical
point (P,). Experimentally, however, magnetic order
abruptly disappears at a finite temperature where the
superconducting and magnetic phase boundaries meet.
This first order or weakly first order boundary at P, pro-
vides no obvious connection between magnetism and
the putative P,. In such a case, it is difficult to recon-
cile the existence of an extended range of unconvention-

Figure 1. At absolute zero temperature, unconven-
tional superconductivity, formed by electron pairs
dancing at the surface of an electron sea, hides a
background of antiferromagnetism. Opening the veil
by applying a magnetic field reveals magnetism
coexisting with superconducting electron partners.
The boundary set by the curtain represents the quan-
tum-phase transition.
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Figure 2. Temperature-pressure (7-P) phase diagram
of CeRhiIns. The tetragonal crystal structure of
CeRhing is imbedded in the phase diagram. AFM and
SC stand for antiferromagnetic and superconducting
states, respectively.
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al superconductivity beyond P; and of an unusual
normal state above 7.

To resolve this dichotomy, we measured the
specific heat and electrical resistivity of CeRhlns
as simultaneous functions of applied pressure and
an additional control parameter, magnetic field.
Figure 3a shows the specific heat divided by tem-
perature as a function of temperature at 1.95 GPa
(P.; <P <P,) and at various applied fields. At
magnetic fields to 22 kOe, there is only a pure
unconventional superconducting state for temper-
atures below 2.15 K. At 33 kOe, a weak peak due
to long-range magnetic order appears and grows
in intensity with increasing magnetic field, which
also induces units of quantized magnetic flux or
vortices that penetrate into the superconductor.
The anomaly in specific heat signifies a field-
induced phase transition from a pure supercon-
ducting state to a phase of coexisting supercon-
ductivity and magnetism3. Subtracting a smoothly
varying background makes the anomaly clearer, as
plotted in Figure 3b. The temperature 7}, , where
the anomaly peaks, increases with increasing field
and extrapolates to zero temperature at a non-zero
magnetic field, indicating field-induced quantum-
phase transition. The entropy involved in the tran-
sition is linearly proportional to magnetic field, a
signature that the presence of vortices is crucial to
the quantum effects. When superconducting (SC)
and magnetic orders compete, magnetic order
(MO) appears in the field-induced quantized vor-
tices as their ground state and suppresses super-
conductivity around the vortices. Repulsive cou-
pling between magnetic and SC orders can be
tuned by chemical substitution, pressure, or mag-
netic field, which tips the balance between the
two competing grounds states and leads to a quan-
tum-phase transition among a pure MO phase, a
MO+SC coexisting phase, and a pure SC phase?.
The absence of magnetic order in zero field then
may be explained by the presence of a supercon-
ducting gap that strongly inhibits a mechanism by
which spins communicate, such as the
Rudermann-Kittel-Kasuya-Yoshida (RRKY) inter-
action (Figure 1).

Similarities between the high-T, cuprates?
and CeRhlny suggest that phenomena in them
may be ubiquitous features among classes of
unconventional superconductors. We note, howev-
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Figure 3a. Specific heat divided by tempera-
ture as a function of temperature. T, and Ty,
represent superconducting and field
(H)-induced phase transitions, respectively.
Figure 3b. Evolution of the H-induced anomaly
after subtracting a smoothly varying SC back-
ground. Solid lines are spline fits.

er, that whereas magnetic order is due to localized
4f electrons and quantum criticality in the normal
state is associated with a localized to delocalized
transition in the 4f configuration of CeRhlIns®, this
is not an appropriate description of cuprate
physics nor possibly of all heavy-electron com-
pounds. Exploiting both commonalities and
differences will constrain refinement of theory
and define additional experiments needed to fully
understand relationships between unconventional
superconductivity and magnetic quantum
criticality.

References

I'P. Coleman and A. J. Schofield, Nature 433, 226
(2005).

2 H. Hegger et al., Phys. Rev. Lett. 84, 4986 (2000).
3 T. Park et al., Nature 440, 65 (2006)

4 E. Demler, S. Sachdev, and Y. Zhang, Phys. Rev.
Lett. 87, 067202 (2001).

5 B. Lake et al., Nature 415, 299 (2002).

6 H. Shishido et al., J. Phys. Soc. Jpn. 74, 1103
(2005).

http.//www.lanl.gov/organization/profiles/mst_profile.shtml|

» Los Alamos

NATIONAL LABORATORY

ES5T. 1943

The World’s Greatest Science
Protecting America

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the University of California
for the United States Department of Energy under contract W-7405-ENG-36.

A U.S. Department of Energy Laboratory.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


